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I. INTRODUCTION 

The X(3872) is one of the pecuhar new meson resonances which was discovered during the last years [l| and 
where its properties cannot be simply explained in the context of conventional constituent quark models. Presently 
several structure interpretations for this new resonance are proposed in the literature (for a status report see e.g. 
Refs. 0,11, Q)- In the molecular approaches of @-[3l| it is argued that the X{3872) can be identified with a weakly- 
bound hadronic molecule whose constituents are D and D* mesons. This natural interpretation is due to the fact 
that its mass mx is very close to the D^D*^ threshold and hence is in analogy to the deuteron — a weakly-bound 
state of proton and neutron. 

First it was proposed that the state X(3872) is a superposition of D^D*^ and D^D*^ pairs. Later (see e.g. 
discussions in Refs. [3, [iB, [lB|) other additional configurations such as a charmonium or even other meson pair 
components were discussed in addition to D^D*^+ its charge conjugate (c.c.) (Here and in the following we use the 
convention that Z)*" does not change sign under charge conjugation. For a detailed discussion see also Ref. [s^]). 
The additional possibility of two nearly degenerate X(3872) states with positive and negative charge parity has been 
discussed in Refs. [25l. [34|. 

In the present paper we focus on the radiative decays of the X(3872). There exist already several calculations for 
the radiative decays of the X(3872) and various approaches give quite different results for the partial decay widths 
even when based on the same structure assumption. A new measurement by the BABAR Collaboration gives clear 
evidence for a strong radiative decay mode involving the tp{2S) [ssl ]. They indicate the measured ratio of 

g(X(3872)-.V.(2^h) 

6(X(3872) J/tp-f) ^ ' 

As known from previous calculations in the molecular approach the radiative decay width of the X{3872) ^jj{2S)j 
is always smaller than the one involving J/t/jl- It is therefore expected that the ratio of Eq. ^ gives some constraint 
on a possible charmonium component in the X(3872). 

In Refs. [27l . [3ll . [36l . [s^l we developed a formalism for the study of recently observed exotic meson states (like 
Z)*q(2317), Z)si(2460), X(3872), • • • ) as hadronic molecules. In Ref. [3l| we extended our formalism to the description 
of the decay X ^ J/i'l assuming that the X is a S'-wave {D^D*° + D*^D^)/\/2 molecule of positive charge parity. 
As in the case of the D*q and Dgi states a composite (molecular) structure of the X(3872) meson is defined by 
the compositeness condition Z — [H, (see also Refs. [23, HT], [s^ [131 )■ This condition implies that the 

renormalization constant of the hadron wave function is set equal to zero or that the hadron exists as a bound state of 
its constituents. The compositeness condition was originally applied to the study of the deuteron as a bound state of 
proton and neutron Then it was extensively used in low-energy hadron phenomenology as the master equation 
for the treatment of mesons and baryons as bound states of light and heavy constituent quarks (see e.g. Refs. [39l[40|). 
By constructing a phenomenological Lagrangian including the couplings of the bound state to its constituents and 
of the constituents to other particles in the possible decay channels we calculated meson-loop diagrams describing 
different decays of the molecular states (see details in [27l [3ll . [36l . |37|). In Ref. [3l| we also estimated the role of a 
possible charmonium component in the X(3872). We showed that the charmonium contribution to the X J/ipj 
decay width is suppressed relative to the one of the molecular D^D*^ component. In Ref. pTl we then considered the 
X(3872) as a superposition of the molecular D'^D*^ component and other hadronic pairs - D^D*^, J/ipuj and J/ipp- 
Because the D'^D*^ component dominates in the transitions of X into charmonium states Xcj and pions we estimated 
these decays by restricting to this component only. In the analysis of decay modes involving J/ip in the final state we 
used effective couplings for XJ/ipto and for XJ/ipp deduced from the compositeness condition. We also pointed out 
that an inclusion of a charmonium component, having destructive interference with the molecular components, can 
help to understand the ratio of X ^ ^{2S)j and X ^ decays. 

In the present paper we proceed as follows. In Sec. II we first discuss the basic notions of our approach. We discuss 
the effective Lagrangian for the treatment of the X(3872) meson as a superposition of the molecular and charmonium 
components. Second, we consider the radiative two-body decays X —> ■i{j{2S)j and X J/V'7 decays. In Sec. Ill we 
present our numerical results. Finally, in Sec. IV we present a short summary. 
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II. APPROACH 

Following Refs. [13, HH we consider the X(3872) state as a superposition of the dominant molecular D'^D*^ 
component, of other hadronic configurations-!?^!)*^, J /^lo^ J li^Pi ^ ^eW as of the cc charmonium configuration as 



|X(3872)) = cos 



V2 V2 
+ s,m9cc. (2) 

Here 9 is the mixing angle between the hadronic and the charmonium components: cos^ 9 and sin^ 9 represent the 
probabilities to find a hadronic and charmonium configuration, respectively, for the normalization 

ZooD'O + Zij±jj,^ + Zj^^ + Zj^p — \ . (3) 

The limiting case of cos 9 = 1 corresponds to the situation where X(3872) has no charmonium component (this case 
was considered recently in Ref. (27j ) while the value cos 9 = refers to the pure charmonium interpretation of the 
X (3872). In this paper we will simply employ values for Zjjajj.a, Zi^±d,^, Zj^^ and Zj^p as derived in a potential 
model Q. 

Our approach is based on an effective interaction Lagrangian describing the couplings of the X(3872) to its con- 
stituents. Following our formalism developed in (27j we apply a nonlocal form containing the correlation functions 
<I>(?/^) characterizing the distribution of the constituents in the X(3872). The Lagrangian is set up as: 

+ ^ d-^X^x) Jf^^{x) + ^ ep^^p d'^X-ix) jf^p{x) 

+ g,^,Xp{x)J^,{x) , (4) 

where gxH^H^ ^^^"^ fxcc ^'^^ the couplings of X(3872) to the hadronic constituents H1H2 and to the cc component. X 
is the field describing X(3872) and J^^^^ ^-'^^ respective currents composed of the fields V'l and V'2 with: 

J^5. (x) = -i= 1 d^y^DD' (y') [d{x + yl2)D*^^{x - y/2) + D{x + y/2)D*^ix - y/2)^ , (5) 
rj^yix) = J A$v(y2)yM(^ + y)^ (6) 
= ydVccV)c(x + 2//2)7Vc(x-y/2). (7) 

Here ^dd* is the correlation function describing the distribution of DD* inside X, the function 4>y describes the 
distribution of the light vector meson V = p 01 to around the J/i/', which is located at the center of mass of the 
X(3872), and the function represents the distribution of the cc component. A basic requirement for the choice of 
an explicit form of the correlation functions $7 (/ = DD* , V, cc) is that their Fourier transforms vanish sufficiently 
fast in the ultraviolet region of Euclidean space to render the Feynman diagrams ultraviolet finite. We adopt the 
same Gaussian form for all three correlation functions ^dd' = = ^cs = in order to reduce the number of free 
parameters. The Fourier transform of is the universal vertex 

$x(p|/A2) = exp(-p|/A2,), (8) 

where is the Euclidean Jacobi momentum and Ax is a size parameter. In the present paper we use the value of 
Ax = 2 GeV for all three correlation functions as fixed in Ref. [23| . 

The coupling constants ff^v^i^a determined by the compositeness condition [H, [H, [1^, . This requirement 
implies that the renormalization constant of the hadron wave function is set equal to zero with 

Zx = l~^'x{mjc)^0. (9) 

Here Sx("^x) = '^Sx(p^)/'!p^|p2^„2^ is the derivative of the transverse part of the mass operator E^" conventionally 
split into the transverse Sx and longitudinal Ex parts as: 

E^'^(p) = g^^xip') + ^^W) , (10) 
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where g'^ = g^" — p^p^ /p^ and g^p^i = 0. The mass operator of the X(3872) receives contributions from five 
hadron-loop diagrams with 

T,x{m\) = EDO£,.o(m|.) + S]£,±£,.t (m^f ) + Y.j^^{m\) + Y,,]^_p{m\) + Scc(m^) , (11) 

which are induced by the interaction of X with the corresponding hadronic pairs H1H2 and the cc configuration 
as contained in Eq. ([4]). Tlie relevant diagram contributing to Y,'^{p) is shown in Fig.l. Using Eq. ([2]) and the 
compositeness condition ([9]) we have five independent equations to determine the coupHng constants g^^ ^ . 

In Fig. 2 we display the diagrams relevant for the radiative decays X J/ip'^ and X ip{2S)^. The main difference 
between the sets of diagrams feeding the channels J/ip'^ and i>{2S)^ is: the last diagram of Fig. 2 which is generated by 
the J/4>V {V — p,oj) component of the X(3872) only contributes to the final state. The effective Lagrangians 

generating the electromagnetic interaction vertices are 

Cddj{x) = ieA^{x)D-{x)'d''D+{x), 

Cd'D'^{x) = leA^ix) [g'-P D*-^^^D*+{x)+g^f' D*-{x)d''D*+{x)^g^^''d^D*-{x)D}+{x) 



Co'Djix) = ^e^''"''F^,(x)|5D-i3+^i?:0(a;)^+(-^)+.9z5*oz,o^^:°(a:)i?O(a:)|+ H.c, (12) 
2e 

^ccj = yA^(a;)c(a;)7''c(a;) , 

where A d = Adp,B — dA^B] F^i, = d^A^ — di,A^, and M^^ — d^M^, — d^M^. The strong couplings of the 
charmonium states J and 'ih{2S) to D and D* mesons are taken from heavy hadron chiral perturbation theory 
(HHChPT) [JlJ (see also Ref. [131). For convenience we use a relativistic normalization of the meson states and write 
the Lagrangians in manifestly Lorentz covariant form: 

^ip^Doix) = -ig^^DD^JnOlix) d f_,Di{x) , 

C^,.DD'{x) = g^„DD'e^,^f3d''i;';JDf\x)"d''D,{x) - Dl{x)"d"Df{x)\ , (13) 



C^^D^D^x) = ^g^^D'D'^^{ - D*+^ ^D*^ + D*+ d ^D*" + D*+" d 



where -0„ with n — 1,2 stands for the vector fields of J/ip and ip{2S), respectively. The chiral couplings of -0„ with 
D{D*) mesons read 



9i>„DD — gi!„D*D' — 9-Lli^DD''m^^. — — — . (i4j 



The quantity /^^ is determined by the leptonic decay widths of J /ip and ^(2S) of 

r(J/^^e+e-) = ^^/j =5.55keV, 
27 TOj/v, 



V(2S) 



r{ij{2S) ^ e+e-) = — = 2.38 keV, (15) 



where a is the fine structure constant. Thus the ratios of the coupling constants g-,p(2S)DD and gij](2S)D* d* to gj/^uD 
and gj/^D'D* are fixed as 

9^(2S)DD _ 9iIj{2S)D'-D* _ "^V,(2S) /j/t/. ^ ^ (16) 
gj/iiDD 9j/ipD'D' ITT-J/ip fi>(2S) 

The coupling constant 90*0-1 is fixed by data (central values) on the radiative decay widths T{D* — > D^) fl*] with: 

^2 \ 3 



nD*-^D-,) = l-^gl_^^y,..[l--^J .1.54keV, 
nD*'^D^^) = ii5^.„^„^n^i,.o(l-£|^)'^ 26.04 keV . (17) 
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From Eq. (|17p we finally predict 

5D-Z5+7 = 0.5 GeV"^ , 90*00"^ = 2-0 GeV"^ . (18) 

In our calculation the mass of the charm quark is chosen as ~ Mx/2. The respective couplings gvj {V = p^,Lu) 
of the transitions p"/ and lo^ are fixed from data on the V — > e^e~ decay widths as 

47r 

4:71 

Tito^e+e-) ^ —a^gl^m^ =0.60 keV. (19) 

o 

Using last equation we get gp^ = 0.20 and g^^-y = 0.06. Finally, the interaction Lagrangian for the coupling of ipn to 
the cc configuration is 

^i,„cc{x) = g^„'ip'^Jx)c(x)'^pc{x), (20) 

where the coupling constant is given as 

By using the decay constants of the J/-0 and ^j{2S) states we obtain the values gj/^ = 4.96 and g^{2S) = 8.26. 

III. RESULTS 

To calculate the decay widths of the two processes X(3872) J/?/; + 7 and X(3872) '0(25') + 7 we further choose 
a typical value of 2 GeV for the free parameter Kx [131. Here the binding energy e = e^jo^j.o is defined by setting 

Mx = Afpo + M^io. - £130/5.0. (22) 

We present our numerical results for three typical values of the binding energy e = 0.3,0.7,1 MeV and use the 
corresponding sets of configuration probabilities as calculated in Ref. p^ : 

Zd^d^o = 0.92 , Zd± d't = 0.033 , Zj^^ = 0.041 , Zj^p = 0.006 (23) 

for e = 0.3 MeV, 

Z^o^.o =0.816, Z^±B-^ = 0.079, Zj^^ = 0.096, Zj^p = 0.009 (24) 

for e = 0.7 MeV, and 

Z^o^.o = 0.758, Zd±d^^ =0.111, Zj^^ = 0.122, Zj^^ = 0.009 (25) 

for e = 1 MeV. 

Fig. 3 contains the calculated results for the ratio 

_ g(X(3872)^^(25)+7) 

- S(X(3872)^ J/V. + 7) ^ ' 

in dependence on the mixing angle 9 controlling the admixture of the cc component. For the binding energy e we 
choose the discrete values indicated above. The experimental value including errors is reflected by the shadowed area. 
Moreover in Fig. 4 we give predictions for the radiative decay widths of the two decay modes considered for the case 
of e = 0.3 MeV. Again we display the dependence of this quantities on the admixture of the cc component. 

Since the charged D mesons are heavier than the neutral ones, the energy difference e£)±£).T = M]j± +Mjj,^—Mx is 
larger than the binding energy e and we therefore get gxD° d* < 9xd± d*t ■ Consequently the inclusion of the charged 
£)±£)*=F component leads to an increase in the radiative decay widths of the X(3872). Our numerical calculation 
also shows that the presence of a J/ipV component in the X(3872) is favored by the measured ratio i?2S. This can 
be traced to the fact that the decay mode J/V'T (oi' i^i'^S)^) is allowed (or forbidden) by the two components and 
they provide a subtract contribution to the widths of DD* components. With respect to the presence of a possible cc 
component in the X(3872) we note the following as based on our results. For the limiting cases of cos 6* = 1 or one 
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cannot reasonably explain the large ratio of i?2S- This is mainly due to the fact that the phase space for the J/V"! 
transition (with three-momentum of the outgoing photon p — 654 MeV) is much larger than that of ip{2S)'y (with the 
photon momentum p = 182 MeV). However the results of Fig. 3 indicate that a small admixture of a cc component is 
essential to reproduce the large measured value for i?2S- This feature is due to the destructive interference between 
the J/ipj decay amplitudes arising from the cc and the hadronic molecular components. Quantitatively this effect 
is also visible in the prediction for the decay width X J/tpJ of Fig. 4. Also, as we already showed in Ref. [l^l 
the inclusion of the J/4>V components in the structure of the X{3872) leads to a decrease in the X — > J/V'7 rate 
because ip{2s)V components are absent in the X(3872). From Fig. 3 we deduce that the experimental value of R2S is 
reproduced for a small admixture of the cc component with sm9 ~ —(0.16 — 0.24). An enlarged value for the binding 
energy e also leads to an increase in the cc probability requiring that the data are reproduced. If no cc component 
is present in the X{3872) the decay width for J/t/jl is about 60 keV and is much larger than the one for the ip{2S)'^ 
channel (about 0.3 keV). The addition of a cc admixture leads to a monotonous increase in the '>p(2S)j decay width. 
At the same time the decay width for J/t/jl decreases rapidly in the region of sin9 > —0.16 due to this destructive 
interference and then it increases further. Therefore, for mixing values of about sin6' > —0.16 in the case of e = 0.3— 1 
MeV the decay width for ip{2S)^ may exceed the one of J/ip'y and a consistent explanation for the observed ratio 
R2S is obtained. In this case the radiative decay widths are about 1 — 2 keV for J/ip^ and 5 — 6 keV for ij}{2S)^, 
respectively. 

IV. SUMMARY 

In summary, we have shown that inclusion of both the hadronic component J/ipV and the cc charmonium con- 
figuration in the A" (3872) structure is necessary to reproduce the large value of the ratio i?2S of the X{3872) mea- 
sured by the BABAR Collaboration. In our calculation we only need a small admixture of the cc component with 
sin 6* ~ —(0.16 — 0.24) and the binding energy e ranging from 0.3 to 1 MeV to explain the ratio i?2S- Moreover we 
found that after cc admixture the radiative decay width of J/V'T decreases to about 1 — 2 keV while the measured 
ratio of i?2S is reasonably explained. We therefore conclude that both the measured value of the ratio i?2s and the 
yet to be experimentally determined value for F (A' (3872) — J/V'7) provide a constraint on the cc component in the 
X(3872). 
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FIG. 1: H1H2 hadron-loop or cc quark-loop diagram contributing to the mass operator of the X(3872) meson. 
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FIG. 2: Diagrams contributing to the radiative transitions X(3872) — > J/ip + 7 and X(3872) — > ip{2S) + 7. 
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FIG. 4: Radiative decay widths of the X(3872) for e = 0.3 MeV. SoUd and dotted curves are the results for the transitions 
X — > J/V'T and X — > ip{2S)^, respectively. 



